Introduction {#s1}
============

The genus *Phragmites* Adans. (Poaceae) is cosmopolitan with a distribution ranging from the tropics to cold temperate areas of both hemispheres ([@PLS020C7]). The *Phragmites* species are tall (up to 6 m), perennial grasses predominantly found in littoral zones of lakes, along rivers and in shallow freshwater and brackish wetlands ([@PLS020C3]). At present, five species are recognized, of which *Phragmites australis* (Cav.) Trin ex Steudel is the most widely distributed ([@PLS020C7]). There is, however, morphological and cytological variation within *Phragmites* species, and in particular within the cosmopolitan *P. australis*, that has resulted in the description of a number of subspecies and varieties, whose taxonomic rank has been discussed and frequently revised. In Europe, two *P. australis* subspecies were proposed by [@PLS020C6]: *P. australis* ssp*. australis*, distributed in the temperate regions of both hemispheres in the Old and the New World, and *P. australis* ssp. *altissimus* (Benth) Clayton, distributed along the shores of the Mediterranean, extending to Iran, Arabia, Kenya, Ethiopia and the southern edge of the Sahara ([@PLS020C5], [@PLS020C6]). The name *P. australis* ssp. *altissimus* has been accepted in the world checklist of selected plant families in the Kew database, where the holotype is conserved. The epithet '*isiaca*', referring to the borders of the ancient Egyptian Empire, is also frequently used for the Mediterranean *Phragmites* both at the subspecific and the varietal level, to define the limit of the distribution range of European *Phragmites* ([@PLS020C16]). *The Flora Europeae* ([@PLS020C40]) cites *Phragmites isiaca* Kunth. as a large variant of *P. australis*, with which it intergrades, but dismisses the specific or subspecific rank of *P. isiaca*. The recent recognition of *Phragmites frutescens* H. Scholz. in the Mediterranean region ([@PLS020C14]; [@PLS020C37]; [@PLS020C27]) has increased the uncertainties about the identity of Mediterranean *Phragmites*. The morphological similarities of *P. frutescens* to *P. mauritianus* Kunth*.*, rather than to European *P. australis*, suggested a tropical origin of this species from *P. mauritianus* ([@PLS020C14]). [@PLS020C19] confirmed genetic similarities of *P. frutescens* with *P. mauritianus*.

The subspecific rank for *P. australis* ssp*. australis* as proposed by [@PLS020C6] has not been formally accepted. *Phragmites australis* is the former *Phragmites communis* Trin. and has progressively incorporated *Phragmites* taxa collected worldwide. [@PLS020C9] merged 64 taxa into *P. communis* and recognized 11 varieties within *P. communis* based on leaf anatomy and cytology. All varieties were present in Europe, and most of them in a limited geographic area, such as Germany. Even though Conert\'s classification system has been abandoned, it reflects very well the often gradual morphological variation in size, colour and leaf structure present in Europe, sometimes observable even among adjacent stands ([@PLS020C31]). In addition to *P. communis* var. *communis*, defined by the purple colour of the inflorescences*,* Conert described the European diversity in plant size (var. *humilis* and var. *pumila*, as opposed to var. *arundinaceaea* and *pseudodonax*), colour (var. *flavescens*, with light-brown inflorescences and var. *striato-picta*, with yellow--green-striped leaves), presence of hairs (var. *hirsuta*), leaf stiffness (var. *stenophylla*) and rhizome size (var. *stolonifera*). Several genetic studies at the population level conducted throughout Europe have consistently shown that genetic variance is distributed within, rather than among, populations, and that populations can be genetically very different from each other even at a local scale ([@PLS020C20]; [@PLS020C11]; [@PLS020C29]). However, isolation-by-distance patterns have failed to be detected ([@PLS020C20]; [@PLS020C11]; [@PLS020C23]; [@PLS020C18]; [@PLS020C29]) and, in general, lack of genetic structure seems to characterize the European continent ([@PLS020C19]). Phylogeographically, European *Phragmites* belongs to a group that extends throughout Eurasia and North America, as well as in the Southern Hemisphere in Africa and Australia ([@PLS020C33]; [@PLS020C19]). The lack of structure within the European group, as opposed to other geographically distinct *P. australis* groups, suggests largely reticulate interrelationships within a metapopulation with indeterminable borders.

When relationships among genotypes are analysed at the continental scale, the idea of a single population of randomly mating individuals seems to work well for European *Phragmites* ([@PLS020C19], [@PLS020C20]). However, genetic distances among adjacent stands may be high and comparable to those observed among stands hundreds, if not thousands, of kilometres apart ([@PLS020C20]). This implies dispersal of pollen and/or seeds across different climatic areas, as well as establishment and fitness under very different environmental conditions. The cryptic invasion of a Euroasiatic cp-lineage in North America, described as haplotype M ([@PLS020C33]), shows that a single maternal lineage can establish in a variety of habitats and populate an entire continent. In contrast to many invasive clonal species ([@PLS020C13]; [@PLS020C21]), the invasive spreading of *P. australis* in North America seems to be driven by seed dispersal ([@PLS020C25]), and seed viability has been shown to be positively related to population-level genetic diversity ([@PLS020C17]). Genetic diversity within the Euroasiatic lineage appears therefore to be a key factor explaining its broad ecological amplitude. In the European range, *P. australis* shows a reticulate pattern of relationships, whereas in North America the Euroasiatic *P. australis* haplotype M is reported to be genetically distinct and reproductively isolated from the native cp-lineages of *P. australis* ssp. *americanus* Saltonstall, P.M. Petersoon & Soreng ([@PLS020C35]). In the Gulf Coast of the USA, however, the nuclear alleles of the Euroasiatic lineage are introgressed in another distinctive cp-lineage, known as haplotype I ([@PLS020C33]), which has recently been revealed to be an interspecific hybrid between *P. mauritianus* and a population of *P. australis* in the Mediterranean region ([@PLS020C22]).

The first aim of this study was to analyse chloroplast DNA (cpDNA) diversity in Europe and the phylogeographic relationships of European haplotypes at the global scale. The second aim was to identify the current borders of the European gene pool in order to determine the range within which gene flow is likely to be occurring, and thus understand the intercontinental relationships of European *Phragmites*. Given the broad distribution of European-related *P. australis* ([@PLS020C33]; [@PLS020C19]), we used a global set of samples representing all continents and all species of the genus. Differently from previous studies we compared the global pattern of phylogeographic relationships inferred by cpDNA with that of nuclear DNA. We also examined phenology in a common garden in Denmark of 188 *Phragmites* genotypes from all over the world, in order to have a model system in which to observe the implications of long-distance interrelationships and their congruence with molecular markers. The hypothesis behind the common garden was that genotypes releasing pollen and seeds in Denmark can contribute alleles to the European gene pool. On the contrary, non-flowering genotypes may reveal climatic, geographic and/or reproductive barriers to dispersal and would be recorded in the genetic pattern as groups genetically isolated from, or within, the European gene pool.

Materials and methods {#s2}
=====================

Study area {#s2a}
----------

A living collection of *Phragmites* genotypes was established in the experimental garden of Aarhus University beginning in 2001. The collection represents all continents and all species of the genus, but most samples are from Europe. The clones established in the garden are listed in \[[Additional Information---Table 1](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/pls020/-/DC1)\] of the present study. This collection was sampled for DNA and used for a phenological investigation.

For the molecular work we included additional reference samples (not cultivated in the garden) from the Mediterranean area and the Middle East (from Sardinia-Italy, Libya and Jordan) ([@PLS020C22]), from Louisiana in the US Gulf Coast ([@PLS020C22]) and from Asia (China and Vietnam) (Lambertini *et al*. in preparation). The distribution of the samples used in the study is shown in Fig. [1](#PLS020F1){ref-type="fig"}. Previous studies ([@PLS020C19], [@PLS020C20]) have shown that interrelationships in European *Phragmites* are sensitive to the inclusion or exclusion of outgroups. Outgroups are necessary in any phylogenetic analysis to provide a point of comparison and polarize ancestral and derived characters. The inclusion of a single outgroup or a few distantly related ougroups may, however, not be helpful, as homologies and alignment might become uncertain. Therefore, we included a considerable number of outgroups which should increase the likelihood that the European basal node is correctly placed and that characters are correctly polarized. Fig. 1**Distribution of the *Phragmites* samples used in the study.** The sample set includes the species *P. australis* (green), *P. mauritianus* (pink), *P. frutescens* (purple), *P. karka* (blue), *P. japonicus* (yellow), hybrids of *P. mauritianus* × *P. australis* (red) and hybrids of *P. australis* × *P. mauritianus* (orange).

DNA extraction {#s2b}
--------------

DNA was isolated from apical leaves dried in silica gel with the Qiagen DNeasy Plant Mini Kit as described in [@PLS020C19]. The additional samples from the Mediterranean area, Gulf Coast and Asia were extracted with the EZNA SP Plant DNA Kit (Omega Bio-Tek), after grinding the dry leaves in a mortar with liquid nitrogen.

cpDNA sequences {#s2c}
---------------

Seventy-three clones from the Aarhus and Mediterranean collections, selected to represent Europe from the Atlantic Coast to the Danube delta in longitude, and from northern Sweden to Jordan in latitude, were sequenced. The Danube delta, represented by several genotypes in our garden, was more densely sampled (20 samples) because of the high genetic diversity detected in this region in previous studies ([@PLS020C20], [@PLS020C22]).

*trn*T-*trn*L chloroplast intergenic spacer ([@PLS020C39]; [@PLS020C32]) and *rbc*L-*psa*I chloroplast intergenic spacer ([@PLS020C32], [@PLS020C33]) were amplified. Ten picomoles of forward and reverse primers were added to 10 µL of 2×Mastermix (VWR Amplicon) and 2 µL of template DNA. Sterile water was added to reach the final volume of 20 µL. Amplification was run in a Peltier Thermal Cycler PTC-200-MJ Research programmed with 94 °C for 3 min, 40 cycles of 94 °C for 30 s, 50 °C for 40 s, 72 °C for 1 min, followed by 72 °C for 7 min. The amplified product was sequenced with forward and reverse primers in an ABI sequencer. As most of the variation in these regions is represented by tandem repeats, we amplified and sequenced those samples differing from GenBank accessions multiple times, to make sure that repetitive sequences were not due to amplification or sequencing artefacts.

Sequences were aligned with the program BioEdit ver. 7.0 Sequence Alignment Editor ([@PLS020C15]). *trn*T-*trn*L and *rbc*L-*psa*I sequences in NCBI ([@PLS020C33]; [@PLS020C43] [@PLS020C41]; [@PLS020C12]; [@PLS020C22]) were included in the alignment to increase the number of possible outgroups.

New cpDNA haplotypes (hereafter referred as haplotypes) were classified following [@PLS020C33] (K. Saltonstall, pers. commun.) and deposited in GenBank. Variation in the number of mononucleotide repeats in the *trn*T-*trn*L sequence has previously been attributed to intra-haplotypic variation ([@PLS020C33]) and, as such, has not been used to define haplotypes. However, given the frequency of these variants in the European data set, and the possible phylogeographic value of this variation ([@PLS020C4], 2012; [@PLS020C43] [@PLS020C41]; [@PLS020C12]; [@PLS020C22]; [@PLS020C36]), we treated all haplotypic variants as independent haplotypes. The capital letter symbolizing the haplotypes (e.g. haplotype M, L, O, etc.) stands for haplotypes whose *trn*T-*trn*L and *rbc*L-*psa*I sequences have been deposited in GenBank, according to [@PLS020C33]. The variation among these haplotypes is given by indels, substitutions and number of tandem repeat units of 31- and 33-bp motifs (minisatellites). Haplotypes defined by a capital letter followed by a number (e.g. M1, M2, M3, L1, O2, etc.) (following [@PLS020C43]) differ in the number of repeats at one (or more) microsatellite loci in the *trn*T-*trn*L and/or the *rbc*L-*psa*I region from the haplotypes deposited in GenBank ([@PLS020C33]), and are defined as cp-microsatellite variants in the present study. These cp-microsatellite variants have not been deposited in GenBank because the classification system used in the present study is preliminary. The analysis of a larger cp-variation in microstatellites worldwide might produce a different classification system (K. Saltonstall and C. Lambertini, in preparation).

In total, 69 different sequences were obtained combining our data set with the sequences downloaded from GenBank. To avoid overestimating the number of mutations associated with repeated sequences, we coded repeat motifs (microsatellites and minisatellites) as multistate characters ([@PLS020C10]). In this way, differences due to the number of repeats are counted as one character, independently of their number. Indels were coded with two states (present/ absent) and indels consisting of minisatellites were coded with two characters (present + no. of repeats or absent + missing data). The final matrix counted 1713 characters, of which 27 were multistate characters.

n-DNA markers {#s2d}
-------------

Amplified fragment length polymorphisms (AFLPs) and microsatellites (or simple sequence repeat --- SSRs) data were obtained from previous global studies ([@PLS020C19], [@PLS020C22]). The AFLP data set, obtained from the amplification of three primer combinations (E-ACT + M-CTT, E-CAG + M-ATG, E-CGT + M-CAG), produced a matrix of 265 taxa and 105 polymorphic fragments.

The microsatellite data, representing loci PaGT4, PaGT8, PaGT9, PaGT13, PaGT14 and PaGT22 ([@PLS020C34]), were used as binary data and entered in a matrix of 150 taxa and 79 characters.

### Waxy bands {#s2e}

The primers used to amplify the *grass-waxy* gene (F-for: TGCGAGCTCGACAACATCATGCG and M-bac: GGCGAGCGGCGCGATCCCTCGCC; [@PLS020C24]) amplify additional products. Two bands of ∼200 and 100 bp have previously been found to be unique to *Phragmites* in the Mediterranean region (200 bp) and to *P. frutescens* and *P. mauritianus* (100 bp), and to have phylogeographic resolution ([@PLS020C22]). We therefore screened the presence/absence pattern of these bands in the European sample set. Template DNA (1 µL) was added to 10 µL 2× Mastermix (VWR Amplicon), 10 pmol of forward and reverse primers, and sterile water to reach the final volume of 20 µL. PCR conditions were 94 °C for 3 min, 40 cycles of 94 °C for 30 s, 62 °C for 40 s, 72 °C for 40 s, followed by 72 °C for 7 min. The amplified product was run on a 1.5 % agarose gel for 1 h 30 min at 125 V, 84 mA, and stained with ethidium bromide. Bands of 200 and 100 bp were isolated in a subset of the Mediterranean samples with the EZNA Gel Extraction kit (Q-spin column) (Omega Bio-Tek) and sequenced with forward and reverse primers.

DNA data analysis {#s2f}
-----------------

Chloroplast DNA sequences, AFLPs and SSRs were analysed separately. The three data sets were subject to parsimony analysis with PAUP ver. 4.0b10 ([@PLS020C38]). A heuristic search was performed with 37 % jack knife deletion, 1000 replicates, jac resampling and fast-stepwise addition ([@PLS020C42]). Individual pairwise genetic distances were also calculated, choosing the option 'total character difference'. The matrix of genetic distances was imported in GenAlex ver. 6.4 ([@PLS020C30]) and analysed in a principal coordinate analysis (PCoA). To increase the resolution of the European part of the PCoA, we plotted individual coordinate values in Excel graphs. Most of the Australian genotypes were excluded from the AFLP matrix of genetic distances because the PCoA failed to complete the analysis, as 250 is the maximum number of samples that can be run by the program. However, as the Australian genotypes are closely related among each other, the placement of the main clusters on the PCoA is not affected by the exclusion of part of the genotypes of this group.

A spectrum of genetic distances ([@PLS020C44]) was constructed with AFLP data to compare genetic diversity structure in North America, Europe and a restricted population in the Po Plain, Italy ([@PLS020C20]). Genetic distances ('total character difference', calculated with PAUP) within the three groups were plotted against their frequencies within each group. Samples from the native American cp-lineages and from the US Gulf Coast were excluded from the North American population, and samples from the Mediterranean region, Africa and Asia were excluded from the European group. In total, the North American population was represented by 30 samples, the European by 103 and the Po Plain by 46.

Phenology {#s2g}
---------

Denmark is in the temperate area of the Northern Hemisphere. The climate is oceanic with an average temperature of 0 °C (32 °F) in the coldest month (February) and 17 °C (63 °F) in the warmest month (July). Annual average precipitation is ∼700 mm without dry periods. There are up to 18 daily hours of sunlight during the summer.

The *Phragmites* garden at Aarhus University (56°13′43″N, 10°07′37″E) included 188 different genotypes at the time of the experiment. Each genotype was planted in a separate pot of about 1 m diameter, and the pots were ordered in a square matrix at about 2 m distance from each other. The plot of about 250 × 350 cm^2^ was outdoors in an open area without trees. The plants were grown in commercial soil mixed with quartz sand (about 50 % of each), watered with phreatic water every second day during the growing season to keep the water level just below the soil level, and fertilized with a commercial NPK fertilizer with microelements once a week. All above-ground biomass was harvested and burnt at the end of the vegetative season to eliminate seed dispersal from the garden.

All clones had been in the garden for at least 5 years before phenology was investigated. Given the weight of the pots, it was not possible to move them within the plot to control margin effect. However, given the large distance between pots, all genotypes had chances to receive pollen both from within the garden and from the wild. We recorded the reproductive condition of each genotype in 2005 and 2006 on a weekly basis from June to September. We were interested in knowing which genotypes of the garden, including European and non-European genotypes, could release pollen and seeds in Europe, and how dispersed or non-dispersed alleles contributed to the pattern of phylogeographic relationships within Europe and at the global scale. For each genotype we registered the presence or absence of: (i) inflorescences, (ii) mature inflorescences (open flowers with exposed stigmas and/or anthers) and (iii) seeds. In November 2006, we recorded whether or not genotypes were releasing seeds. Seed release was defined as the presence of depleted inflorescences (visible bare inflorescence axes) or easily detachable seeds upon touch. Cross- versus self-pollination was not considered relevant to the aim of the present study as alleles would have been present in the gene pool in both cases.

Results {#s3}
=======

Phylogeographic relationships inferred by cpDNA sequences {#s3a}
---------------------------------------------------------

We found four previously recognized haplotypes (haplotypes K, L, M and O) and four novel ones (haplotypes AH, AJ, AK and AL) in Romania, Northern Europe and the Mediterranean area (Table [1](#PLS020TB1){ref-type="table"}). The majority of *rbc*L-*psa*I sequences were identical to the *rbc*L-*psa*I haplotype 4 ([@PLS020C33]; NCBI accession no. AY0116335), whereas the *trn*T-*trn*L sequences showed considerable variation. The limited variation in the *rbc*L-p*sa*I region was restricted to two base substitutions which distinguished haplotype AJ and haplotype AK. Conversely, the *trn*T-*trn*L sequences were constant within *P. frutescens* and assignable to haplotype 5 ([@PLS020C33]; NCBI accession no. AY016328), while *rbc*L-*psa*I sequences detected two different haplotypes within the two *P. frutescens* accessions analysed in this study, haplotype I and haplotype U (Table [1](#PLS020TB1){ref-type="table"}). Table 1European and Mediterranean haplotypes identified by cpDNA. The haplotypes are in alphabetical order. cp-microsatellite variants are indicated with a letter following the *trn*L-*trn*T and *rbc*L-*psa*I sequences deposited in GenBank by [@PLS020C33]. For example, *trn*T-*trn*L sequences 4a, 4c, 4d, etc., differ from sequence 4 in GenBank in the number of repeats at the microsatellite loci. This variation in cp- microsatellites is also indicated in the number following the haplotype letter (e.g. M1, M3, M4, etc.).Sample ref.SpeciesCountryLocality*trn*T-*trn*L sequence*rbc*L-*psa*I sequence*trn*T-*trn*L+ *rbc*L-*psa*I haplotype(\#) NCBI accession no.Pa68AL*P. australis*AlgeriaGuebbour, south of Hassi Messaoud4d4M4Pa67BE*P. australis*BelgiumSchelde-estuarie, Burcht, Antwerp44MPa146BE*P. australis*BelgiumSchelde, Konkelschoor, Berlare5c4L1Pa671CY*P. australis*CyprusCoral Beach, Pafos44MPaH2EG*P. australis*EgyptAbu Raqman, 37 Km S of Cairo4a4M1Pa83EE*P. australis*EstoniaLake Vortsjarv4b21b\#AJHQ664451Pa159EE*P. australis*EstoniaLake Peipsi7a4O2Pa54FI*P. australis*FinlandHusöviken, Åland7c4O1Pa160FI*P. australis*FinlandMariehamn, Åland5c4L1Pa217FI*P. australis*FinlandRaisionlahti, Turku7a4O2Pa70FR*P. australis*FranceCampignol, Narbonne4c4M3Pa64DE*P. australis*GermanyChiemsee194ADPa640DE*P. australis*GermanyLusatia lignite mining area, Plessa Lake44MPa670GB*P. australis*Great BritainBlacktoft Sands44MPa57GR*P. australis*GreeceCrete, Georgioupolis44MPa853GR*P. australis*GreeceCrete, Kalives4e4M5Pa748GR*P. australis*GreeceKos, Kos City44MPf87GR*P. frutescens*GreeceCrete, Dramia5i3I2Pf196GR*P. frutescens*GreeceCrete, Georgioupolis5i9U3Pa163NL*P. australis*HollandVerdronken Land van Saeftinghe44MPa602NL*P. australis*HollandSlotermeer7c4O1Pa77HU*P. australis*HungaryLake Ferto44MPa58IE*P. australis*IrelandKilcock44MPa164IE*P. australis*IrelandLake Ree44MPa91IL*P. australis*IsraelDead Sea, south-west coast4a4M1Pa75IT*P. australis*ItalyGorgona7a4O2Pa770IT*P. australis*ItalyPo Delta, Polesine Camerini44MPa771IT*P. australis*ItalyPo Delta, Barricata44MPa755IT*P. australis*ItalyRiccione44MPa757IT*P. australis*ItalySardinia, S. Antioco, Canisoni Beach4d4M4Pa762IT*P. australis*ItalySardinia, S. Antioco, Cala Lunga44MPa763IT*P. australis*ItalySardinia, S. Antioco, Cala Lunga4d4M4Pa10IT*P. australis*ItalySardinia, Valledoria44MPa11IT*P. australis*ItalySardinia, Valledoria4d4M4Pa12IT*P. australis*ItalySardinia, Isola Rossa44MPa732JO*P. australis*JordanWadi Shuaeb4a4M1Pa733JO*P. australis*JordanDead Sea, near Wadi Mujib4d4M4Pa734JO*P. australis*JordanAzraq Wetlands4d4M4Pa735JO*P. australis*JordanWadi Shuaeb/ Fahais near Amman4d4M4Pa701LB*P. australis*LibyaGabron Lake, Erg Ubari dune, Vadi El Agial V4d4M4Pa710LB*P. australis*LibyaMafu Lake, Erg Ubari dune, Vadi El Agial Val4a4M1Pa85LI*P. australis*LithuaniaSilute44MPa81RO*P. australis*RomaniaLake Obretinu-Mare4a4M1Pa84RO*P. australis*RomaniaLake Oborny44MPa624RO*P. australis*RomaniaLake Obretinu-Mare421bAJPa625RO*P. australis*RomaniaLake Obretinu-Mare44MPa643RO*P. australis*RomaniaLake Razim321bAIPa647RO*P. australis*RomaniaLake Razim44MPa650RO*P. australis*RomaniaLake Razim44MPa651RO*P. australis*RomaniaLake Razim44MPa652RO*P. australis*RomaniaLake Razim44MPa654RO*P. australis*RomaniaLake Razim422\#AKJQ265822Pa655RO*P. australis*RomaniaLake Razim44MPa656RO*P. australis*RomaniaLake Razim321bAIPa657RO*P. australis*RomaniaLake Razim321bAIPa658RO*P. australis*RomaniaLake Razim422AKPa659RO*P. australis*RomaniaLake Razim422AKPa660RO*P. australis*RomaniaLake Razim422AKPa661RO*P. australis*RomaniaLake Obretinu-Mare5c4L1Pa662RO*P. australis*RomaniaLake Obretinu-Mare5c4L1Pa169RU*P. australis*RussiaSt Petersbourg44MPa52ES*P. australis*SpainEl Garxal (Ebro)34KPa72ES*P. australis*SpainGallocanta N44MPa74ES*P. australis*SpainL\'Encanyissada (Ebro)44MPa95ES*P. australis*SpainGallocanta NW44MPa300ES*P. australis*SpainMallorca, Alcudia4c4M3Pa681ES*P. australis*SpainLaguna de la Mata, Torrevieja44MPa141SE*P. australis*SwedenLuleå21\#4AHJQ265821Pa615SE*P. australis*SwedenTåkern5f4L2Pa637SE*P. australis*SwedenGammelstaden214AHPa53TN*P. australis*TunisiaRas Taguermes, Djerba4a4M1Pa97TN*P. australis*TunisiaRas Taguermes, Djerba22\#4ALHQ449553Pa89TK*P. australis*TurkeyAksehir421aAJ1

Based on the database of sequences accumulated from our previous and ongoing studies, many of the European haplotypes appeared to have intercontinental distribution, ranging from Africa to Europe, Far East Asia and North America. The most striking example is haplotype M, which is present on all four continents. Haplotype M presents several cp-microsatellite variants that are mainly distributed in the Mediterranean region. One such variant, haplotype M1 or Delta-type ([@PLS020C43]; [@PLS020C22]), is also present in Romania and the Mississippi River delta. Haplotype K is present in Spain and in a population extending throughout South Africa, Namibia and Botswana. Haplotype AI, previously described as Greeny3-type ([@PLS020C22]), is closely related to haplotype K (differing in one single substitution in the *rbc*L-*psa*I region) and is present in Romania and in the US Gulf Coast. Haplotype AD or Greeny2-type ([@PLS020C22]), present in Germany, is also shared with the population in the Gulf Coast. Haplotype O presents several cp-microsatellite variants in Far East Asia. Two of these variants occur in Northern Europe and the Mediterranean region. Two cp-microsatellite variants of haplotype L were found in Europe. Haplotype L1 appears widely spread across the continent (Belgium, Finland and Romania), whereas haplotype L2 was found only in Sweden. Among the novel haplotypes identified in this study, haplotype AJ (NCBI accession no. HQ664451) was found in Estonia and Romania, and one of its cp-microsatellite variants was found in Turkey. Haplotype AH (NCBI accession no. JQ265821) was found exclusively in Northern Sweden (\>65°N) and haplotype AL (NCBI accession no. HQ449553) only on Djerba island in Tunisia. Haplotype AI (Greeny3-type), previously described in the US Gulf Coast, appeared to be frequent in the Danube delta in Romania.

*Phragmites frutescens* haplotypes are shared with the species *P. mauritianus* in tropical Africa (cp-microsatellite variant I2) and with *P. karka* in tropical Asia (cp-microsatellite variant U3). Both haplotypes I and U are present in Asia, where they show cp-microsatellite variation. Interestingly, only one of the variants, here indicated as I2, is present in Greece (*P. frutescens*), Uganda and Burkina Faso (*P. mauritianus*), and in the US Gulf Coast and South America (*P. mauritianus*× *P. australis*, described as the Land-type by [@PLS020C22]).

Despite frequent long-distance dispersal and lack of support as a monophyletic clade (Fig. [2](#PLS020F2){ref-type="fig"}), European *P. australis* haplotypes appear very closely related among each other. The PCoA clearly separates four main clusters of haplotypes within the genus, which largely overlap in geographic distribution. European *P. australis* and *P. frutescens* appear in two distantly related clusters and they co-exist in the Mediterranean region. Fig. 2**Chloroplast DNA diversity in *Phragmites* worldwide.** Coord. 1 accounts for 45 % and Coord. 2 for 24 % of the variation. Cluster 1 is supported by the parsimony analysis (jack knife = 70) and includes specimens assigned to *P. mauritianus*, *P. frutescens* and *P. karka*, and hybrids *P. mauritianaus*× *P. australis*. The geographic distribution of the cluster ranges from tropical Africa, to the Mediterranean, tropical Asia, tropical America and the US Gulf Coast. Cluster 2 includes specimens assigned to *P. mauritianus*, *P. karka* and *P. australis*. The distribution is South Africa, tropical Asia, Far East, Australia and South America. Cluster 3 includes specimens assigned to *P. australis* and hybrids *P. australis*× *P. mauritianus*. The distribution is Europe, Africa, temperate Asia and North America. Cluster 4 is supported by the parsimony analysis (jack knife = 76) and includes specimens assigned to *P. japonicus*. Distribution: Far East Asia. Cluster 5 is supported by the parsimony analysis (jack knife = 89) and includes specimens assigned to *P. australis* ssp. *americanus*. The distribution is limited to North America. The classification of haplotypes vfM2, vfM3, vfE1, vfE3 and vfE4 ([@PLS020C41]; [@PLS020C12]) does not follow the same classification system as [@PLS020C33] and followed in the present study. According to the present study, vfM2 corresponds to haplotype L1, vfM3 should have a new letter, vfE1 (deposited in GenBank both as E1 and E2) corresponds to a cp-variant of haplotype AB ([@PLS020C26]), haplotype vfE3 ([@PLS020C41]; [@PLS020C12]) corresponds to a cp-microsatellite variant of haplotype E ([@PLS020C33]), whereas haplotype E4 ([@PLS020C41]; [@PLS020C12]) should have a new letter. The distribution ranges are defined by combining our collection sites with Fig. [1](#PLS020F1){ref-type="fig"} in [@PLS020C33].

Phylogeographic relationships inferred by nuclear markers {#s3b}
---------------------------------------------------------

The pattern of interrelationships revealed by nuclear markers mirrors the haplotypic structure detected by cpDNA sequences at the global scale, as the same groups are supported in parsimony analysis (Figs [3](#PLS020F3){ref-type="fig"}A and [4](#PLS020F4){ref-type="fig"}A). However, parsimony analysis of the AFLP data split the cluster containing haplotypes I and U (cluster 1, Fig. [2](#PLS020F2){ref-type="fig"}) into three geographic groups based in Asia (cluster 1a), South America (cluster 1b) and the US Gulf Coast (cluster 1c), and left *P. frutescens* in the Mediterranean, *P. mauritianus* in Africa and a part of the *P. karka* genotypes in Asia without support (Fig. [3](#PLS020F3){ref-type="fig"}A). The parsimony analysis of SSR data (Fig. [4](#PLS020F4){ref-type="fig"}A) did not support the *P. karka* group (cluster 1a in Fig. [3](#PLS020F3){ref-type="fig"}A) in Asia. The geographic differentiation within this cluster of haplotypes (I and U) and the lack of support in some regions reveal that different pools of nuclear alleles evolved in different parts of the range. On the contrary, the cluster of European *P. australis* haplotypes (cluster 3 in Figs [2](#PLS020F2){ref-type="fig"} and [3](#PLS020F3){ref-type="fig"}A) appears intact despite its intercontinental distribution (Europe, North America, Africa and Asia) and its large variation in closely related haplotypes (Fig. [3](#PLS020F3){ref-type="fig"}C). SSR alleles did not separate European *P. australis* based on haplotypes (Fig. [4](#PLS020F4){ref-type="fig"}A and C). Fig. 3**Amplified fragment length polymorphism diversity in *Phragmites* worldwide.** Coord. 1 accounts for 43 % and Coord. 2 for 17 % of the variation. The clusters of genotypes are enumerated according to Fig. [2](#PLS020F2){ref-type="fig"}. (B) and (C) focus on European *P. australis*. (A) The different colours represent the different haplotypes in Fig. [1](#PLS020F1){ref-type="fig"} and include their cp-microsatellite variants. Chloroplast DNA cluster 1 (Fig. [2](#PLS020F2){ref-type="fig"}) is split into clusters 1a, 1b and 1c in (A). Cluster 1a is supported by the parsimony analysis (jack knife = 72) and includes genotypes assigned to *P. karka* distributed in tropical Africa. Cluster 1b is supported by the parsimony analysis (jack knife = 70) and includes hybrid genotypes of *P. mauritianus*× *P. australis* in tropical America. Cluster 1c is supported by the parsimony analysis (jack knife = 74) and includes hybrid genotypes *P. mauritianus*× *P. australis* in the US Gulf Coast. The genotypes between cluster 1a and 1b/1c are genotypes of *P. mauritianus*, *P. frutescens* and *P. karka* in tropical and South Africa, Mediterranean and tropical Asia belonging to cpDNA cluster 1 (Fig. [2](#PLS020F2){ref-type="fig"}). Cluster 2 includes *P. australis* genotypes in the Far East. Cluster 3 includes *P. australis* genotypes in Europe, Africa, North America and Asia and *P. australis*× *P. mauritianus* genotypes in tropical Africa. Cluster 4 is supported by the parsimony analysis (jack knife = 64) and includes genotypes of *P. japonicus* in the Far East. Cluster 5 is supported by the parsimony analysis (jack knife = 98) and includes genotypes of *P. australis* ssp. *americanus* in North America. (B) The different colours indicate different continents. North America is represented by two colours in order to distinguish between two different introductions from Eurasia (haplotype M) and from the Mediterranean region (haplotype M1). Panel C focuses on the temperate region of Europe. The different colours indicate different haplotypes. Fig. 4**SSR diversity in *Phragmites* worldwide.** Coord. 1 accounts for 43 % and Coord. 2 for 20 % of the variation. The clusters of genotypes are enumerated according to Figs [2](#PLS020F2){ref-type="fig"} and [3](#PLS020F3){ref-type="fig"}A. (B) and (C) focus on European P. *australis*. (A) The parsimony analysis splits the genotypes into two groups (jack knife = 98). Cluster 1 includes hybrid genotypes of *P. mauritianus*× *P. australis* in tropical America and the US Gulf Coast. A new cluster 6 includes all remaining genotypes and joins AFLP clusters 1b, 2 and 3 (A). Cluster 4 (*P. japonicus* in the Far East, jack knife = 83) and cluster 5 (*P. australis* ssp. *americanus* in North America, jack knife = 80) are supported by the parsimony analysis within cluster 6. (B) focuses on cluster 6. The different colours indicate different continents and different species. (C) focuses on the temperate region of Europe. The different colours indicate different haplotypes.

Differently from the cpDNA sequences, nuclear alleles detected geographic structure within the European group. Both AFLP and SSR PCoAs separated the Mediterranean and African samples from the European gene pool (Figs [3](#PLS020F3){ref-type="fig"}B and [4](#PLS020F4){ref-type="fig"}B). Mediterranean *P. australis* appeared more closely related to Senegal and South African *P. australis* samples than to European *P. australis*. SSRs indicated relationships of Mediterranean *P. australis* also with African *P. mauritianus* and Asiatic *P. karka* samples, no longer supported as a monophyletic group by the parsimony analysis (Fig. [4](#PLS020F4){ref-type="fig"}B). The AFLPs split the Mediterranean group into two groups, one related to Europe and one to Africa (Fig. [3](#PLS020F3){ref-type="fig"}B), whereas the SSRs showed one single Mediterranean group (Fig. [4](#PLS020F4){ref-type="fig"}B).

A nuclear DNA band of about 200 bp amplified by *waxy* primers appeared exclusive to the Mediterranean genotypes (Fig. [5](#PLS020F5){ref-type="fig"}) and could distinguish *P. australis* in the Mediterranean region from European *P. australis* in the temperate region (absent band), as well as from *P. frutescens*, sympatric in the Mediterranean area. *Phragmites frutescens*, like *P. mauritianus*, has a shorter band of about 100 bp (Fig. [5](#PLS020F5){ref-type="fig"}). Samples carrying both bands of 200 and 100 bp had previously been interpreted as hybrids between *P. mauritianus* and *P. australis* ([@PLS020C22]). The distribution of the double band, previously detected in Senegal, South America and the US Gulf Coast, appeared also to include the Mediterranean area (Fig. [5](#PLS020F5){ref-type="fig"}, lane 9). However, the sequence of the 100-bp band isolated from this sample from Sardinia (Italy) did not match any of the five sequences of *P. mauritianus* previously isolated ([@PLS020C22]). Fig. 5**Diversity in *grass*-*waxy* sequences in the Mediterranean region and in Africa.** The 200-bp band distinguishes Mediterranean (lanes 3--10) from European temperate *P. australis* (lane 2). The genotype in lane 2 is from Mallorca, Spain, and appears as one undifferentiated (yellow) genotype clustering together with temperate European and North American *P. australis* in Fig. [3](#PLS020F3){ref-type="fig"}B. It also released seeds in Denmark. The 100-bp band marks *P. mauritianus* (lanes 15--17) and *P. frutescens* (lanes 18--19). Samples with 200- and 100-bp bands (lanes 9, 11 and 12) have been interpreted as hybrids between *P. australis* and *P. mauritianus* ([@PLS020C22]). Senegal (lanes 11--13) appears as a hybrid zone with hybrids and non-hybrids. Sardinia (Italy) (lanes 9--10) also appears as a hybrid zone. Lanes: (1) gene ruler, (2) Pa300ES Spain, (3) Pa68AL Algeria, (4) Pa97TN Tunisia, (5) Pa710LB Libya, (6) Pa732JO Jordan, (7) Pa671CY Cyprus, (8) Pa57GR Greece, (9) Pa759IT Sardinia, Italy, (10) Pa764IT Sardinia, Italy, (11) PaH5SN Senegal, (12) PaH6SN Senegal, (13) Pa102SN Senegal, (14) Pm106ZA South Africa, (15) Pm73UG Uganda, (16) Pm93UG Uganda, (17) Pf87GR Greece and (18) Pf196GR Greece.

In addition to the Mediterranean group, the PCoA of AFLPs (Fig. [3](#PLS020F3){ref-type="fig"}B) separated the Asiatic genotypes from the European ones. The red group of Asiatic samples (Fig. [3](#PLS020F3){ref-type="fig"}B) appears differentiated from Europe both by cpDNA sequences (cluster 2, Fig. [2](#PLS020F2){ref-type="fig"}) and nuclear AFLPs (cluster 2, Fig. [3](#PLS020F3){ref-type="fig"}A and B). A few Asiatic samples, however, had European AFLP alleles (Fig. [3](#PLS020F3){ref-type="fig"}B). The SSRs also differentiated a group of North American genotypes within the European group (Fig. [4](#PLS020F4){ref-type="fig"}B). This group in North America includes genotypes from the Atlantic Coast. As this group is not recognizable on the PCoA of AFLP data, we compared the spectrum of AFLP genetic distances between the whole North American introduced population and the European population. Pairwise genetic distances among North American genotypes appeared shorter (mode = 14 AFLP fragments) than those among European samples (mode = 19 AFLP fragments). This also held when the North American\'s spectrum was compared with that of a geographically restricted population within the temperate region of Europe, like the Po Plain in Northern Italy (mode = 16 AFLP fragments).

Phenology {#s3c}
---------

Of the 188 genotypes present in the experimental area, only 83 reproduced in 2005 and 2006 and released seeds in 2006 \[see [Additional Information---Table 1](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/pls020/-/DC1)\]. Phylogeographically, the genotypes that released seeds and/or pollen in Denmark belonged to cluster 3 (genotypes from Europe, Asia and the Euroasiatic introduced genotypes to North America), cluster 2 (genotypes from Far East Asia, mostly from Sakhalin Island in Russia, and one single genotype from Australia) and from cluster 5 (genotypes of native North American *P. australis* ssp. *americanus*). Genotypes of *P. mauritianus* (including its hybrids in the US Gulf Coast), *P. frutescens*, *P. karka* (cluster 1), *P. japonicus* Steud (cluster 4) did not set inflorescences in Denmark. Within the European cluster (cluster 3), *P. australis* genotypes from South Africa, Senegal, the Mediterranean region and American genotypes introduced from the Mediterranean region also did not flower. Two genotypes from Romania and three genotypes from the Mediterranean region more closely related to the temperate group of European *P. australis* also did not set inflorescences in Denmark (Fig. [6](#PLS020F6){ref-type="fig"}). Fig. 6**Amplified fragment length polymorphism relationships among dispersing and non-dispersing genotypes in the common garden at Aarhus University**. Dispersing genotypes are the genotypes that released seeds and/or pollen in 2005 and/or 2006. The red dots in the European gene pool belong to genotypes from South Africa, Senegal, the Mediterranean region, North America (introduced from the Mediterranean region) and Romania.

Compared with 2005, the pattern of reproduction observed differed in November 2006 \[see [Additional Information---Table 1](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/pls020/-/DC1)\]. Genotypes from Northern Europe, South Africa and Australia that did not produce inflorescences in 2005, flowered in 2006, and the Northern European and Australian genotypes released seeds in 2006. On the contrary, genotypes that produced seeds in 2005 produced only inflorescences in November 2006 (genotypes from Northern Europe, Romania, Central Russia and Sakhalin Island, and one native North American genotype from Utah).The duration of the flowering period ranged from the end of August to mid-September for clones from Sakhalin Island, to flowering at the beginning of August and lasting until the end of September for most European genotypes. The longer flowering period of the European plants was the result of continuous inflorescence production and maturation among the ramets. In general, there was a shift in flowering times from north to south for the genotypes of the Northern Hemisphere. The few genotypes of the Southern Hemisphere that set seeds in Denmark started flowering at the end of August, and the first spikelets opened in early September (Australia). Many late-flowering genotypes did not produce seeds in Denmark but they flowered and released pollen in 2005 and 2006.

Discussion {#s4}
==========

Chloroplast DNA sequences have identified four main clusters of haplotypes with continental or intercontinental distribution. This structure is also identifiable by nuclear markers. Haplotypes from two of these clusters are present in Europe and are sympatric in the Mediterranean region. In Europe, the two groups are recognized taxonomically, one being *P. australis* and the other *P. frutescens*. In total, 12 *P. australis* haplotypes (K, L, M, O, T, AD, AH, AI, AJ, AK, AL and vfM3) and two *P. frutescens* haplotypes (I and U) have been reported to date in Europe, together with several cp-microsatellite variants. Haplotypes L, M, O and T had previously been documented in Europe by [@PLS020C33], and haplotypes vfM2 and vfM3 by [@PLS020C41]. The two haplotypes indicated in the present study as vfM2 and vfM3, found by [@PLS020C41] in Great Britain and described in GenBank as M2 and M3 do not follow the alphabetical system introduced by [@PLS020C33]. According to the present study, vfM2 corresponds to haplotype L1, whereas vfM3 should have a new letter. Differently from [@PLS020C33], [@PLS020C41] and [@PLS020C36], we also considered cp-microsatellite variation in the analyses, because cp-microsatellite variation appeared restricted within limited regions in the range of some haplotypes, and may thus be phylogeographically informative. cp-microsatellite variants of haplotype M are frequent in the Mediterranean region, but only one such variant, haplotype M, is spread across temperate Europe, Asia and North America. Another variant M1 (Delta-type) has recently been found in the US Gulf Coast ([@PLS020C43] [@PLS020C22]) and nuclear markers have confirmed its origin in the Mediterranean region ([@PLS020C22]). The presence of the same variant M1 also in Romania, as shown in the present study, is not surprising as the population in the US Gulf Coast shares several genetic similarities with the population in the Danube delta ([@PLS020C22]). We would expect a random pattern of distribution and relationships if cp-microsatellite variation in haploytpe M were merely due to homoplasy. This, however, cannot be generalized to all haplotypes. The inclusion of cp-microsatellite variants in the analysis and the different codification system that we used for repeated sequences can explain differences with the global haplotypic structure previously presented by [@PLS020C33], [@PLS020C41], [@PLS020C4], and [@PLS020C36]. This is the first study that compares cpDNA and nuclear variation at the global scale, and the fact that the major groups can be identified by both DNA sources indicates reliability of the molecular markers used and strongly supports the phylogeographic model presented in this study.

European *P. australis* (in *sensu lato*) appears as a group that extends across Europe, Africa, Asia and North America. Africa is differentiated from Europe. The Mediterranean region appears more similar to African *Phragmites* in nuclear DNA rather than to temperate European *Phragmites*. Differentiation is also ongoing in North America. The gap in our sampling from East Europe to the Far East does not allow us to set the phylogeographic limit of the European gene pool in Asia. However, Far East *Phragmites* appears different from European *Phragmites* both in haplotypic composition and nuclear markers. A recent study of *Phragmites* cpDNA variation in China ([@PLS020C1]) identified haplotypes M, O and P together with several of their variants, and reported that haplotype M is distributed in West China, whereas haplotype O is widely distributed across all the country and haplotype P is restricted to East China. The study of [@PLS020C4] also identified several P-related haplotypes in South Korea and some new *P. japonicus* haplotypes related to haplotypes X and W. In our data, haplotype P is represented in a separate cluster of haplotypes, which also has distinctive nuclear alleles (cluster 2, Figs [2](#PLS020F2){ref-type="fig"}, [3](#PLS020F3){ref-type="fig"}A and B). Haplotypes AM and AM1 (Fig. [2](#PLS020F2){ref-type="fig"}) belong to our *P. japonicus* samples and appear as a monophyletic group evolved within European *P. australis*.

More difficult to understand is the extension of the group to which *P. frutescens* belongs. *Phragmites frutescens* shares the cpDNA sequences with both *P. mauritianus*, taxonomically recognized as a distinctive species with distribution in tropical Africa, and with *P. karka*, whose distribution ranges from West Africa to tropical Asia ([@PLS020C7]). This finding may have revealed an important role of *P. frutescens* in the evolutionary split between the two closely related tropical species. However, many more genotypes within the cluster of haplotypes I and U (cluster 1) need to be included in the analyses to understand the structure of this group.

Within the temperate European region (European *P. australis* in *sensu strictu*), there is no clear pattern of phylogeographic relationships. Several closely related haplotypes co-exist in the area, but haplotypic structure is not identifiable by nuclear markers. This suggests long-distance dispersal of genotypes and extensive gene flow within the temperate region. The phenological results appear in agreement with the European phylogeographic pattern. The relationships among genotypes releasing seeds and/or pollen and non-flowering genotypes in Denmark, shown in the PCoA of Fig. [6](#PLS020F6){ref-type="fig"} as well as our previous studies ([@PLS020C19], [@PLS020C20]), indicate reticulate relationships among the *P. australis* genotypes that released pollen and seeds, and differentiation of *P. australis* groups that either did not flower (Mediterranean clones) or are geographically distant and apparently isolated from Europe (American, Australian and South African clones). The common garden study in Europe shows that there are limits to sexual reproduction and seed dispersal across Europe, and these limits appear to select the European genetic variation. Genotypes from the Southern Hemisphere can establish in Denmark, but only a few can occasionally conclude their reproductive cycle in Denmark. The genotypes from Australia started to flower late in Denmark (September), but some of them released pollen and a few set seeds. Also one South African genotype started to flower in September but did not conclude its cycle. The fact that these geographically distant genotypes can occasionally reproduce in Denmark might explain some of the long-distance relationships seen in Europe, for example the phylogenetic relationship of haplotype K among South African, Spanish, Romanian and American genotypes. The Romanian and American genotypes have been assigned to haplotype AI (or Greeny3-type; [@PLS020C22]), but they share the *trn*T-*trn*L sequence which defines haplotype K. The European K-related genotypes have different nuclear alleles from the South African population, but not from the European gene pool. Another observation that suggests gene flow in Europe is given by the cytotypic variation within this cp-lineage. The South African individuals are octoploids whereas the Romanian genotypes are part of a mixed cytotype population in the Danube delta which includes octoploids ([@PLS020C28]; [@PLS020C8]). The same Romanian individuals analysed by flow cytometry by [@PLS020C7] were sequenced in the present study and cytotypic variation appeared distributed within every cp-lineage present in the region. Cytological incompatibilities might explain why the two Romanian genotypes do not reproduce in Denmark. Another possible explanation is that haplotype K was originally dispersed from Europe to South Africa where it eventually differentiated from the European pool. We cannot reconstruct the history of haplotype K based on this data set, but studies at the population level and experimental crosses can clarify gene flow possibilities and limitations. Given the north--south gradient in flowering times across Europe, reported also in other common garden studies ([@PLS020C8]; [@PLS020C2]), non-flowering genotypes and strong asynchronies in flowering times within a geographically restricted population might indicate long-distance dispersal events.

With the exception of one genotype from Gorgona Island (Italy), which shared haplotype O with the North European genotypes and is likely to have been introduced from the mainland (F. Masi, pers. commun.), and one single genotype of M3 from Mallorca (Spain), none of the Mediterranean samples of either *P. australis* or *P. frutescens* flowered in Denmark, although inflorescences were observed on ramets by the authors in at least one *P. australis* population in Sardinia (Italy). This suggests either climatic barriers to dispersal of predominantly tropical and subtropical genotypes into the temperate regions of Europe, or breeding barriers that keep the Mediterranean genotypes isolated from temperate *P. australis*, as well as from *P. frutescens*. The nuclear *waxy* bands captured the diversity of the Mediterranean group (identified by the 200-bp *waxy* band), as well as its distinctiveness from European *P. australis* (lacking the 200-bp *waxy* band) and from *P. frutescens* (with the 100-bp *waxy* band). The 200-bp band presence/absence pattern appeared independent from cp-lineages, as genotypes of haplotype M with and without bands have been found in the Mediterranean region. The homologies and relationships based on the DNA sequences contained in the *waxy* bands have proven phylogenetically informative between the African and American genotypes ([@PLS020C22]) and need to be explored in the Mediterranean area. Several additional bands were amplified by *grass-waxy* primers in the Mediterranean samples, and these could provide further insights into the relationships of Mediterranean genotypes, as well as the DNA source of such bands. The occurrence of individuals with 200- and 100-bp bands, like the sample in lane no. 9 from Sardinia, and the hybrids from Senegal (Fig. [5](#PLS020F5){ref-type="fig"}), suggests interbreeding of Mediterranean *P. australis* with the tropical species *P. mauritianus* and/or with *P. frutescens*. SSR alleles detected similarities with both *P. mauritianus* and *P. karka,* and *P. frutescens* shares the cpDNA sequences with both *P. mauritianus* and *P. karka*. We could not find matching *waxy* sequences to conclusively demonstrate hybridization, but we also have a very small number of samples of these tropical species which span in distribution from South Africa, to Uganda, Burkina Faso, Thailand and Australia, and only two single individuals of *P. frutescens* from Crete in Greece. More variation is likely to be present in the Mediterranean region. We recently found a herbarium accession of *P. frutescens* in the herbarium at Bologna University (Italy). The specimen was collected in Misterbianco, close to Catania, in Sicily (Italy) in 1926 (accession no. BOLO0002314) and has seeds. A focused study in the Mediterranean region is necessary to fully understand the relationships of Mediterranean *P. australis*. The geographic distribution of the 200-bp band matches the distribution of *P. australis* var. *isiaca* ([@PLS020C16]). The plants growing in our living collection, showing the 200-bp band, also match the attribute '*altissimus*' (very tall) given by [@PLS020C5] to the Mediterranean subspecies. Both epithets appear therefore in agreement with the genetic identity of Mediterranean *P. australis*. However, this needs to be confirmed with phenotypes of var. *isiaca* and ssp. *altissimus*. The two *P. frutescens* plants in our collection are morphologically strikingly different from Mediterranean *P. australis*, as well as from any *Phragmites* species.

The introduced population of European *Phragmites* in North America also appears to be differentiated from Europe. The short genetic distances among the American genotypes, compared with European genotypes and with the genotypes of a restricted region in Europe, suggest founder effect and/or genetic drift. The individuals separated by SSR markers are located along the Atlantic Coast of the USA. This cluster of individuals, also detected by [@PLS020C19], is located in the same region that was the gate of the Euroasiatic invasion ([@PLS020C33]).

Conclusions and forward look {#s5}
============================

This study reveals European *P. australis* as one distinct group out of four main cpDNA clusters known today in the world. The large scale of the study opens several windows onto the genetic dynamics within the European group and the relationships within the genus that stimulate further research.

The Mediterranean region appears an interesting spot of *Phragmites* diversity for evolutionary biologists, geneticists, taxonomists, ecologists and ecophysiologists. The Danube delta is another important region for its cytologic and haplotypic diversity, and could finally explain how chromosome numbers affect gene flow and diversification processes. Furthermore, given the genetic similarities of the Danube delta population to the population in the Mississippi delta ([@PLS020C22]), the resolution of the Romanian history will also provide further insights into the evolutionary processes taking place in the US Gulf Coast. The rest of Europe is no less interesting in the context of haplotypic diversity, morphology and long-distance relationships, and this should be taken into account in studies at the population scale. *Phragmites australis* has been farmed in Europe for thousands of years for roof thatching and more recently it is being extensively used in constructed wetlands. It would be particularly interesting to understand how human-assisted transport of genotypes has influenced the current pattern of phylogeographic relationships.

At the global scale, there is a large amount of diversity that is missing from this phylogeographic model. *Phragmites* diversity in Africa, Asia and South America is under-represented in our study and in the literature. The literature about China and the Far East is increasing, but there is still a big geographic gap to be covered with samples, which will complete the genetic picture and provide more outgroups (and hopefully statistical support) to understand the relationships among the main *Phragmites* phylogeographic groups.

Additional information {#s6}
======================

[The following additional information is available in the on line version of this article:](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/pls020/-/DC1)

**Table 1**. Phenological registrations of flowering times, seed setting and seed release in the common garden at Aarhus University, Denmark. Flowering times in 2005 and seed release in 2006 are reported. Every individual corresponds to a different genotype. Genotypes are divided in the main groups identified by the study and are listed from north to south within each group.
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For *trn*T-*trn*L sequences:

JQ265821: haplotype 21, sample Pa141SE, Luleå, Sweden

HQ449553: haplotype 22, sample Pa97TN, Djerba Tunisia
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JQ265822: haplotype 22, sample Pa654RO, Lake Razim, Romania
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